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Abstract

The NASA Dryden Flight Research Center conducted
flight tests of a propulsion-controlled aircraft system on an
F-15 airplane. This system was designed to explore the
feasibility of providing safe emergency landing capability
using only the engines to provide flight control in the event
of a catastrophic loss of conventional flight controls. Con-
trol laws were designed to control the flightpath and bank
angle using only commands to the throttles. Although the
program was highly successful, this paper highlights some
of the challenges associated with using engine thrust as a
control effector. These challenges include slow engine
response time, poorly modeled nonlinear engine dynam-
ics, unmodeled inlet-airframe interactions, and difficulties
with ground effect and gust rejection. Flight and simula-
tion data illustrate these difficulties.

Nomenclature

EMD engine model-derivative

HIDEC  highly integrated digital engine control

K, propulsion-controlled aircraft control system
gain

MDA McDonnell Douglas Aerospace, St. Louis,
Missouri

NASA  National Aeronautics and Space Administration

PCA propulsion-controlled aircraft

a angle of attack, deg

'Aerospace Engineer. Member ATAA.

"Aerospace Engineer.

fChief, Propulsion Branch. Associate Fellow ATAA.
" Graduate Student.

Copyright © 1994 by the American Institute of Aeronautics and Astro-
nautics, Inc. No copyright is asserted in the United States under Title 1,
U.S. Code. The U.S. Government has a royalty-free license to exercise all
rights under the copyright claimed herein for Governmental purposes. All
other rights are reserved by the copyright owner.

Introduction

Current aircraft flight control systems employ extensive
redundancy to ensure reliable performance. Although rare,
major failures of the flight control system almost always
result in the loss of the aircraft. Several loss-of-flight-con-
trol failures have occurred in multiengine aircraft in which
a functioning propulsion system was used to regain limited
control of the aircraft.!

These failures led to an investigation at the NASA Dry-
den Flight Research Center (NASA Dryden) to determine
the feasibility of using the normal propulsion system to
provide flight control capability in several multiengine air-
craft. Early investigations, based on both flight and simula-
tion, showed that the engines were capable of providing
substantial control capability for most multiengine air-
planes. Differential thrust induces yaw that, through the
normal dihedral effect, results in roll. For stable airplanes
with a fixed surface position, symmetric thrust changes
cause an initial change in speed that is converted to pitch
change and results in the airplane returning to the trim
speed. Results of these studies and recommended proce-
dures for manual throttles—only control have previously
been presented.?

The basic result for most of the multiengine airplanes
studied in these early investigations was that although the
throttles provided the gross control authority needed to fly
the airplane to a reasonable landing area, the fine control
needed to safely and repeatedly land the airplane on a run-
way was lacking. Because the gross control capability
appeared to exist, the next step was to investigate whether
a closed-loop flight control system could sufficiently sim-
plify the task of controlling the airplane with the throttles
to repeatedly make safe landings. Such a system would be
a reasonable candidate for an alternative backup control
system. Augmented control systems were first investigated
in simulations of a B-720 transport? and an F-15 airplane.?



Based on highly encouraging simulation results and the
availability of the NASA F-15 airplane with the necessary
digital control systems, a limited program was started in
1991 to take the propulsion-controlled aircraft (PCA) con-
cept to flight test. The objectives were to investigate the
PCA system over a small flight envelope of 150 to 190
knots at altitudes of up to 10,000 ft and attempt landings if
the performance was adequate.

The system clearly demonstrated the ability to easily fly
the airplane over extended periods in low-speed cruise,
provide safe landing capability with a manageable work-
load in light turbulence, and successfully regain level
flight when engaged from a few unusual attitudes.’ Near
the end of the program, six guest pilots were asked to fly
and evaluate the system as a backup flight control. Their
reactions were generally favorable and have previously
been reported.$

Compared to conventional flight control surfaces, the
engines are slow and have limited control effectiveness.
These engine characteristics increase the vulnerability of
the system to outside disturbances. Similarly, the ability of
the system to promptly respond to aecrodynamic changes is
limited. Normally negligible effects such as inlet-airframe
interactions become significant when the engine becomes
the control effector. This paper discusses the challenges
encountered during the flight test program that were
related to relying on the engines as the sole flight control
effector. Difficulties with modeling the engines, inlet-air-
frame interactions, ground effect, and gust rejection are
discussed.

Airplane Description

The F-15 aircraft is a high-performance fighter aircraft
manufactured by McDonnell Douglas Aerospace (MDA),
St. Louis, Missouri (fig. 1). The aircraft has a high wing
with 45° of leading-edge sweep and has twin vertical tails.
The F-15 aircraft is powered by two Pratt & Whitney
(West Palm Beach, Florida) FI100 afterburning turbofan
engines symmetrically mounted, 4.25 ft center to center, in
the aft fuselage. As is typical of fighter aircraft, the propul-
sion system is highly integrated into the fuselage. The
NASA F-15 airplane was used as the testbed aircraft for
the highly integrated digital engine control (HIDEC) pro-
gram for several years, and thus was well instrumented
and had research computer capability.

The engines installed in the NASA F-15 airplane are
developmental FI00 engine model—derivative (EMD)
engines designated PW 1128 (Pratt & Whitney, West Palm
Beach, Florida). These engines include a redesigned fan
(later incorporated into the Pratt & Whitney F100-PW-229
engine), higher turbine temperature capability, and a
15-segment augmentor. Prototype engine control system
software incorporated in these EMD engines produces
slower engine response characteristics at low power set-
tings than those of the production engines. For the PCA
tests, afterburning was not used, and throttle settings were
limited to intermediate and below. Below intermediate
power, the engine is controlled to the fan speed scheduled
as a function of throttle angle and flight condition. At low
power settings with the gear extended, the nozzle opens
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Figure 1. The NASA F-15 highly integrated digital engine control (HIDEC) flight research aircraft.



with decreasing power lever angles to further reduce thrust
in preparation for landing.

The inlets are external compression, horizontal ramp
inlets with variable geometry and are mounted on the sides
of the forward fuselage. A variable capture area is attained
by rotating the inlet cowl about a point near the lower cowl
lip. At subsonic speeds, the cowl angle is normally posi-
tioned by the inlet control system as a function of angle of
attack. When a loss of hydraulic power occurs, the inlets
rotate to the full-up position. The full-up position is also
selectable by the pilot, and all PCA flights were flown with
the inlet in this position.

The NASA F-15 airplane has the standard mechanical
flight control system with hydraulic actuators, but the con-
trol augmentation system is digital instead of the standard
analog. This control augmentation system was turned off.
Additionally, the mechanical pitch and roll ratio changer
system was set to the emergency mode so that the flight
control surfaces only responded to direct pilot inputs.
Using this configuration, a loss of hydraulic power could
be simulated simply by instructing the pilot not to move
the stick or rudder pedals. The ability to instantly regain
conventional unaugmented flight control if the pilot felt
uncomfortable with the PCA system was preserved. The
only hardware modification made to the airplane was the
addition of a two-thumbwheel control panel used to input
pilot commands to the PCA control system.

Simulation

Real-time simulations of the F-15 airplane are available
at NASA Dryden and at MDA. These simulations predate
the PCA project and have been used to support a wide
variety of flight research and test programs. Both simula-
tions required significant modifications beyond just adding
the PCA control logic to support the PCA program. The
changes made to the MDA simulation have previously
been discussed.” The high-authority control augmentation
system of the F-15 aircraft effectively masks many model-
ing errors that become significant when trying to use much
lower bandwidth control effectors. Major efforts went into
getting an accurate model of ground effect on this airplane
and into modeling an unanticipated interaction between
the airframe and the inlet. These two topics are discussed
in separate sections.

Initially, the engine models in both simulations were
inadequate for PCA work. Engine dynamics were poorly
modeled by the preexisting engine model. Additionally,
for the NASA F-15 engines at low power settings with the
gear extended, the nozzles open with decreasing throttle to
further reduce thrust in preparation for landing. This effect
was not modeled, and virtually all PCA flight test was
done with the gear down. Note that most flight research is
not particularly sensitive to engine dynamics. Generally,
the engine is in steady state before starting an experimen-

tal maneuver. Because good dynamic engine simulations
tend to be large, complex programs that are difficult to run
in real time, dccurate engine dynamics are frequently
neglected in flight simulations.

A real-time engine model was developed from a Pratt &
Whitney component-based dynamic simulation.” This
model used a first-order lag and variable time constant and
then applied engine rate limits to provide reasonably accu-
rate gross thrust and ram drag throughout the PCA flight
envelope. Gyroscopic effects of the engine spooling were
also added to the model because they introduce a small
asymmetry to thrust commands. Separately modeling the
effects of gross thrust and ram drag also improved the sim-
ulation and flight data match.*

Flight tests of the PCA system were generally per-
formed with the gear and flaps down at speeds close to the
minimum in the aerodynamic database. Unlike the data-
base for most of the F-15 flight envelope, the low-speed
aerodynamic database did not match flight data well, par-
ticularly in the longitudinal axis. The flap model was
believed to be degrading the match quality, so rough cor-
rections were made to the flap lift, drag, and pitching
moment increments. The corrections were made primarily
by trying to match the trim speed and angle of attack of the
simulation to the trim speed and angle of attack
seen in flight. A parameter estimation study to better de-
fine the low-speed aerodynamics would have been desir-
able but was beyond the scope of this PCA demonstration.
The relatively high level of modeling uncertainty limited
confidence in aggressive control law design techniques.

Propulsion-Controlled Aircraft Control

Lateral—directional PCA control is obtained by differen-
tial thrust inducing yaw that, through the normal dihedral
effect, results in roll. Pitch control using only the throttles
is more complex. For stable airplanes with a fixed surface
position, symmetric thrust changes cause an initial change
in speed that is converted to pitch change and results in the
airplane returning to the trim speed. This trade between
speed and pitch results from the phugoid oscillation. For
aircraft that have their engines located on the vertical
center of gravity, damping the phugoid is the primary
mechanism for obtaining pitch control. Additionally, if the
thrust line is inclined to the flightpath, the vertical compo-
nent of thrust directly increases the vertical velocity. This
effect increases with angle of attack. The principles of
throttles-only control have previously been detailed.> 4

With the surfaces locked in a fixed position, the trim air-
speed of a stable airplane is only slightly affected by
changes in engine thrust. Control system failures that
occur at faster than safe landing speeds pose potential
problems for a PCA control system; however, other means
of slowing the airplane often exist. For the NASA F-15
airplane, adequate deceleration was demonstrated from



subsonic cruise conditions by lowering the gear, moving
the inlets to the emergency position, and lowering the elec-
trically driven flaps.® Additionally, for the NASA F-15 air-
plane, fuel burn shifts the center of gravity aft and thus
reduces the trim airspeed by nearly 1 knot/min in level
flight.

The baseline PCA control laws are composed of two
tracking loops that were primarily developed by MDA’
The longitudinal control law tracks commanded flightpath
angle (fig. 2(a)), and the lateral-directional axis tracks
commanded bank angle (fig. 2(b)). No mechanism exists
for directly controlling the aircraft speed.

The longitudinal control law (fig. 2(a)) tracks flightpath
angle and provides phugoid damping using feedbacks for
flightpath angle and flightpath angle rate. An optional
velocity feedback path is used to respond to transient
adverse pitching motion caused by inlet airflow and air-
frame interactions at higher speeds. This interaction is dis-
cussed in more detail later. A proportional-plus integral
path is included to trim the aircraft to a steady-state oper-
ating condition upon control law start-up or as a pilot
option. This trim loop is turned off after a steady-state
condition has been reached, and the bias generated by the
trim loop is thereafter included as a constant in the compu-
tation of the forward path.

The lateral-directional control law (fig. 2(b)) tracks
bank angle and provides dutch roll damping using stability
axis yaw rate and bank-angle feedbacks. An integral path
is included to trim bank angle to steady state upon control
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law start-up or as a pilot option. When the integral path is
turned off, the final bias is included as a constant bias in
the forward path.

Inlet-Airframe Interactions

One unanticipated problem had a major impact on the
F-15 PCA flight test program. During the control law
design process, a limited number of flights were flown at
the intended landing speed of 170 knots, and the pilot
attempted to fly the airplane manually using the throttles.
The initial report was that this task was significantly more
difficult than simulation studies had shown, jeopardizing
the potential success of the project. A close examination of
the flight and simulation data showed that there was a
transient pitch-up response to pulling the throttles back.
The findings of this study were that a decrease in the inlet
velocity and a corresponding increase in the pressure on
the overhanging inlet ramps were causing a small,
upward-pitching moment.*

A piecewise linear increment to the pitching moment as
a function of inlet airflow was developed from flight data
and added to the simulations. This addition substantially
improved the ability of the simulation to match the flight
data. Based on this new simulation model, a velocity feed-
back was added as an option to the longitudinal control
law design to ameliorate the adverse pitch response.” The
velocity feedback definitely helped but provided a less
than satisfactory pitch response, especially for the precise
control needed for final approach and landing.
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(a) Longitudinal control law.

Figure 2. Propulsion-controlled aircraft control laws.
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(b) Lateral—directional control law.

Figure 2. Concluded.

To better understand this inlet airflow problem, addi-
tional flights were made to evaluate the ability to fly the
airplane using manual throttles throughout the range of
acceptable landing speeds, 150 to 190 knots. At the lower
trim speeds, the resulting trim angle of attack was above
9°, and the inlet mass flow ratios were >1. At these condi-
tions, the adverse pitching effect was not present. The
decision was made to minimize the inlet airflow effects by
changing the intended PCA landing speed to 150 knots.
Flying at this speed required lowering the flaps, which are
electrically driven on the NASA F-15 airplane.

The inlet airflow effect is easily accommodated by the
normal flight controls and would often be overlooked in an
airplane simulation. Because of the limited control power
available when using the engines as the sole control
effectors, however, normally neglected effects are likely to
be significant. Moreover, the direct coupling of inlet
airflow changes to control system commands makes the
airflow effect a significant problem for a propulsion-only
control design. Problems of this nature are most likely
to occur on aircraft with highly integrated propulsion
systems, as is common in fighter aircraft, where inlet-air-
frame interactions are strong. The podded engines with
simple inlets found on most subsonic aircraft should have
minimal problems with inlet-airframe interactions.

Ground Effect

The F-15 aircraft is known to pitch down when in
ground effect. Although this downward pitch is easily
accommodated by the normal control system, there was
concern that an uncommanded pitch down just before
touchdown was a potential problem because of the slow
response of the PCA system. Longitudinal control power

from the engines is highly limited on the F-15 airplane. A
2° change in flightpath angle takes 10 to 15 sec. After the
pilot enters ground effect, there is little time left for
the PCA system to apply an adequate correction before
landing.

Based on this concern, an in-flight investigation of
dynamic ground effect was conducted for the F-15 aircraft
prior to the PCA flight program. Data were collected for
24 landings on 7 flights. The flight test technique for the
landings investigating ground effect consisted of flying
stabilized, constant glide slope approaches into ground
effect. Once in ground effect, the pilot attempted to main-
tain a constant pitch attitude and minimize longitudinal
stick and throttle inputs. This study has been documented
in detail.® Using this study, ground effect-induced changes
in lift, pitching moment, and drag were determined as a
function of height above ground, sink rate and velocity.
These changes were incorporated in the simulator and sig-
nificantly improved the ability of the simulation to match
the flight data when within 20 ft of the ground.

Simulator studies based on this revised simulation were
then used to predict the expected sink rate at touchdown
based on the sink rate upon entering ground effect. As
figure 3 shows, this revised ground-effect model substan-
tially changed the predicted sink rate at touchdown for
shallow glide slopes. The revised simulation showed that
for shallow glide slopes, the expected sink rates at touch-
down were safely below the 10 ft/sec gear limit for a fully
loaded F-15 airplane.

Based on these studies and a growing confidence in the
PCA system from numerous low approaches, two touch-
and-go landings were performed using the PCA controls.
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Figure 3. Comparison of predicted and measured ground effects for F-15 propulsion-controlled aircraft landings at a speed

of 150 knots.

The circles in figure 3 show both landings resulted in
sinkrates significantly higher than predicted and uncom-
fortably close to the gear limit. In both landings, the pilot
decoupled the system during the last half second before
touchdown while pulling back the stick to reduce the sink
rate. These landings undoubtedly would have been safe
PCA landings without the stick input; however, in a test
program, repeatedly straining the landing gear is not desir-
able. Therefore, no further landings were attempted.

The question remained as to why the sink rates observed
in these two landings were so much higher than the pre-
dictions. After the flight program was completed, contin-
ued analysis of flight data was combined with an
extrapolation of the available wind tunnel data. This com-
bination led to revising the model of the aerodynamic
characteristics of the inlet when locked in the full-up
emergency position and extending the model of the inlet
airflow effect to a larger angle-of-attack range. Using this
improved model, the simulation did an excellent job of
predicting the sink rate observed during the two touch-
and-go landings, as shown by the diamonds in figure 3.
The primary difference between the earlier ground effect
investigation flights and these PCA landings was that the
PCA system was increasing thrust in an attempt to counter
the pitch down (fig. 4). The ground effect—induced pitch

down reduced the angle of attack into the range where the
adverse inlet airflow interactions occurred, resulting in an
increased pitch down rather than the intended pitch up. As
figure 4 shows, the simulation now does an excellent job
of modeling the approach.

Lateral Gust Sensitivity

Like all modern fighter aircraft, the F-15 aircraft was
designed to have very fast lateral dynamics. The fast lat-
eral dynamics are achieved in part by having an aircraft
design where roll rate is sensitive to small deflections of
control surfaces. This design allows the F-15 aircraft to
achieve roll rates as high as 200 deg/sec using the stabila-
tors as the primary control effectors. The disadvantage of
high roll rate sensitivity is that the unaugmented F-15 air-
craft is very sensitive in the roll axis to atmospheric distur-
bances such as turbulence and gusting. With a fully
functional F-15 aircraft, atmospheric disturbances are not
a problem because the stabilators have a relatively high
control bandwidth. Sufficient control effectiveness exists
to respond quickly to pilot commands and counter typical
atmospheric disturbances.
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Figure 4. Ground effect influence on propulsion-controlled aircraft approach and landing.
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Figure 5. Linear open-loop roll rate response to roll rate gust disturbance.

When the conventional surfaces are disabled, roll rate
sensitivity becomes an immediate concern. The engines,
as the only available control effector, have a much lower
control bandwidth than the stabilators. Engine bandwidth
falls between 3 and 5 rad/sec, depending on the specific
operating point and flight condition. Furthermore, control
power available from the engines is significantly smaller
than that available from the stabilators. The maximum roll
rate achieved from thrust differential is approximately
15 deg/sec, which is an order of magnitude decrease in
control power, a significant reduction in control effector
bandwidth.

A linear analysis of the PCA lateral-directional control
system driven by the Dryden gust model produced the
Bode plot shown in figure 5. The figure shows the roll rate
sensitivity of the F-15 airplane with the surfaces disabled
to roll rate gust disturbances. A peak in the response
occurs at approximately 1.5 rad/sec with a magnitude
above the 0 dB line. This peak indicates that the F-15 air-
frame actually amplifies the effects of gust disturbances at
this frequency. This characteristic manifests itself as a ten-
dency toward bank-angle oscillation at a frequency of
approximately 1.5 rad/sec. This frequency is very close to
the cutoff frequency of the engines where engine response
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Figure 6. Propulsion-controlled aircraft closed-loop bank angle frequency response from flight and analytical.

lag becomes quite significant. This response lag poses a
challenge to properly managing what little control power
exists in this frequency range.

The combined phase lag from the engine dynamics and
control system delays results in a large phase lag from the
bank-angle thumbwheel to bank-angle response at the
1.5 rad/sec frequency. Figure 6 shows the analytical and
flight-derived frequency responses of the closed-loop

lateral response of bank angle to pilot command. The
flight-derived response was determined through a
pilot-conducted frequency sweep. At the bank-angle
oscillation frequency of 1.5 rad/sec, a phase lag of approx-
imately 200° exists. The phase lag in the feedback loops
results in the control system amplifying rather than attenu-
ating gust-induced roll disturbances at the bank-angle
oscillation frequency. The NASA F-15 airplane was flown



through turbulent air with the PCA system on and then
was flown again through the same air mass with the con-
trol augmentation off. Comparisons of the power spectrum
of roll rate activity show the control system amplifying
roll rate disturbances by approximately 30 percent (fig. 7).

The disturbance amplification and command-to-bank-
angle phase lag at 1.5 rad/sec result in a condition
in which a pilot-induced oscillation can easily occur.
Figure 8 shows the pilot attempting to damp the gust-
excited bank oscillation by applying a counter command.
Instead of damping the bank-angle oscillation, the pilot is
actually providing further excitation. This oscillation sub-
stantially complicated the landing task and limited the
flight regime for this initial PCA demonstration program
to relatively light levels of turbulence.

This program was a first demonstration of the feasibility
of throttles-only flight control and did not seriously
address the anticipated gust rejection problem. Relatively
little effort was directed at designing control laws that
would handle even light turbulence well. As the program
progressed, the impossibility of ordering the weather to
match the flight test schedule and the high level of success
achieved in still air led to attempts to fly in increasingly
turbulent air. In retrospect, a greater effort could have been
made to design the control laws to reject gust disturbances.
The relatively low engine response time and limited con-
trol effectiveness intrinsically limit the ability of the sys-
tem to compensate for atmospheric disturbances.
Aggressive use of lead in the control laws should be able
to alleviate this limitation. The system had only first-order
lead compensation in the lateral axis (fig. 2(b)). Faster
engine response characteristics would also help.

Cross-Coupling

Cross-coupling between the longitudinal and lateral-
directional axes was observed. The cross-coupling can be
classified into three types: dynamic cross-coupling, cross-
coupling caused by engine thrust command limit satura-
tion, and cross-coupling caused by performance differ-
ences between the engines.

Dynamic cross-coupling effects are evident at large
bank angles. As bank angle increases, the vertical compo-
nent of lift is reduced and an increase in airspeed is
required to maintain flightpath angle. Using the PCA sys-
tem, bank-angle response is significantly faster than flight-
path angle response. The required changes in airspeed lag
behind the bank-angle response to bank-angle command,
thus creating a disturbance of flightpath angle.

Figure 9 shows the results of a bank-angle response test
with a series of bank-angle commands of increasing mag-
nitude. The normal thumbwheel scaling for the PCA con-
trol laws only permitted up to 30° of bank command. This

10

scaling was doubled for this test, allowing bank-angle
commands of up to 60°. For the 15° bank-angle com-
mands, bank-angle tracking was good and resulted in
minimal changes in airspeed or flightpath angle. At
approximately 150 sec, the bank-angle command was
increased to 35°. This increase resulted in approximately
5° of overshoot to the bank-angle command, and the
flightpath angle was disturbed to approximately -5°.
Additionally, the airspeed increased from approximately
150 to 180 knots to compensate. This is a speed where the
adverse inlet airflow effect is present.

As the test continued, bank commands up to 25° were
accurately held, and the 35° command again resulted in an
overshoot to approximately 50° and a loss of flightpath
angle of 4°. When the command was returned to 0° at
approximately 500 sec, the energy acquired in the form of
increased airspeed caused flightpath angle to increase and
significantly overshoot the commanded flightpath angle.
At high bank angles, stability began to suffer. At the
extremes, bank angle commands of 60° produced as much
as —10° of flightpath angle disturbance and 20° of flight-
path upset on the rollout. Dynamic cross-coupling is a lim-
iting factor on how much bank-angle command is usable.
Commands below 25° did not produce significant flight-
path angle disturbances, but above 25°, the disturbances
became increasingly severe. This limitation is reasonable
for an emergency landing mode and could probably be
addressed with a bank-angle crossfeed to the longitudinal
control laws.

Cross-coupling caused by throttle command saturation
typically occurred on landing approaches in gusty condi-
tions. On low-speed approaches, the commanded collec-
tive thrust was close to idle. If the airplane was required to
correct for a significant bank-angle disturbance, then the
low collective thrust command combined with a differen-
tial command occasionally resulted in a throttle command
which was below idle. This command saturation results in
the degradation of both longitudinal and lateral control
power. For the NASA F-15 airplane, keeping the wings
level in turbulent conditions was difficult when using the
PCA mode.

Figure 10 shows an effective loss of control power
occurring between 41 and 43 sec. Both throttles were satu-
rated at idle when a lateral disturbance occurred. The sys-
tem commanded an increasing differential thrust
command, but because both throttles were already satu-
rated at idle, the portion of differential thrust command
that would normally be achieved by lowering the right
throttle was lost. The result was that only one-half the
commanded differential thrust was achieved, and the sys-
tem was unable to prevent a bank-angle excursion to 5°.
Additionally, the resultant collective thrust was increased,
causing a small increase in flightpath angle.
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Figure 7. Roll rate power spectral density with and without the propulsion-controlled aircraft system during flight test.
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Figure 9. The F-15 propulsion-controlled aircraft maximum bank angle test with gear and flaps down.
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Performance differences between the engines also
resulted in some cross-coupling. Because engine thrust is a
nonlinear function of throttle angle, small differences in
the initial throttle settings can introduce differential thrust
as the collective thrust command changes. Conversely,
changes in differential thrust can adversely affect the col-
lective thrust. If the pilots did not consciously try to match
the two engine fan speeds before trimming the airplane
and engaging the PCA system, then a minimum of a 5°
difference in the throttle positions was typically carried
throughout the test. Engines are never going to be as sym-
metrical as standard airplane control surfaces, but for pro-
duction implementation, engine-control logic could be
designed to match the engines prior to using PCA logic
and thus minimize cross-coupling caused by performance
differences.

Concluding Remarks

The NASA F-15 PCA program provided valuable expe-
rience with the problems likely to be encountered when
using the propulsion system to provide flight control. The
program succeeded in proving the feasibility of the PCA
concept and helped clarify the nature and magnitude of the
difficulties involved. Even though the success of the pro-
gram relied heavily on simulation work, the program also
uncovered many simulation deficiencies. Although these
deficiencies would be negligible in other contexts, the
deficiencies forced substantial changes to existing, well
validated simulations and highlighted the need to take this
type of project to actual flight test.

The adverse aerodynamic interaction of the inlet airflow
and the airframe was the only unanticipated problem. The
primary impact of this problem on the program was to
force the use of a lower speed to maintain desired levels of
control over the airplane, particularly for the landing task.
Velocity feedback was also added to the control laws to
partially compensate for the adverse interaction at higher
speeds. Problems with adverse interaction are most likely
to occur on aircraft with highly integrated propulsion sys-
tems, such as fighter aircraft, where inlet-airframe interac-
tions are significant. The podded engines with simple
inlets found on most subsonic airplanes should have mini-
mal problems with inlet-airframe interactions.

Concern about potential problems caused by ground
effect led to an early flight program to determine an
accurate dynamic model of the response of this airplane to
ground effect. This model was incorporated into the
simulation and used to practice landings and develop pilot-
ing techniques. Unfortunately, the simulation did not accu-
rately predict the performance of the PCA system when in
ground effect. The two relatively hard touch-and-go land-
ings led to a decision to not take any further approaches all
the way to the ground. The interactions of the PCA system
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with ground effect were not adequately understood until
after the program was completed.

During the conceptual stages of the program, getting the
airplane safely on the ground using only the normal pro-
pulsion system for control in still air seemed sufficiently
ambitious for a demonstration program. As a result, rela-
tively little effort was directed at designing control laws
that would handle even light turbulence well. Lateral con-
trol degraded significantly in the presence of turbulence.
In retrospect, a greater effort could have been made to
design the control laws to reject gust disturbances and
minimize the likelihood of pilot-induced oscillation. The
relatively low engine response time and limited control
effectiveness intrinsically limit the ability of the system to
compensate for atmospheric disturbances.

Future PCA designs would benefit from studying
cross-coupling issues. Because aircraft landings are done
at low speeds, PCA control designs are likely to saturate
on idle. Explicit logic should be included in future designs
to fully exploit the limited control effectiveness when sat-
uration does occur. Engines are never going to be as sym-
metrical as standard airplane control surfaces, but engine
control logic could be designed to match the engines prior
to using PCA logic and thus minimize cross-coupling
caused by performance differences. If the PCA control
system is viewed as an emergency backup, the dynamic
cross-coupling would probably not be a serious perfor-
mance problem because high bank angles are not required
for emergency landings. The system should, however,
limit pilot authority to bank angles that do not cause sig-
nificant cross-coupling.
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